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Abstract

Saccharomyces cerevisiae has been an important model for determining the frequency

of translational misreading events, those in which a tRNA pairs incorrectly to the

mRNA and inserts an amino acid not specified by the codon in the mRNA. Misreading

errors have been quantified in vivo using reporter protein systems or mass spectrom-

etry with both approaches converging on a simple model for most misreading. The

available data show that misreading tRNAs must form stereotypical base mismatches

that correspond to those that can mimic Watson–Crick base pairs when formed in the

ribosomal A site. Errors involving other mismatches occur significantly less frequently.

This work debunks the idea of an average misreading frequency of 5 × 10−4 per codon

that extends across the genetic code. Instead, errors come in two distinct classes—

high frequency and low frequency events—with most errors being of the low

frequency type. A comparison of misreading errors in S. cerevisiae and Escherichia coli

suggests the existence of a mechanism that reduces misreading frequency in yeast;

this mechanism may operate in eukaryotes generally.
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1 | INTRODUCTION

From the earliest speculation on the nature of the genetic code, it has

been axiomatic that each codon must correspond to a single amino

acid (Crick, Barnett, Brenner, & Watts‐Tobin, 1961). But misreading

events are common enough that a substantial minority of proteins

produced can include at least one error (Parker, 1989). On the basis

of his work with enzymes discriminating similar substrates, Pauling

(1957) suggested that proteins could be “statistical,” meaning that

they might carry many random substitutions of amino acids not

encoded in the messenger (Woese, 1965). Pauling estimated a maxi-

mum error rate as high as 5%, but many experiments have shown that

amino acid misincorporation errors are at least 100‐fold less frequent

(reviewed in Bullwinkle, Lazazzera, & Ibba, 2014). Protein synthesis

employs multiple strategies to amplify accuracy. Kinetic proofreading
224.
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(Hopfield, 1974; Ninio, 1975) was proposed as a means to reuse dis-

crimination to achieve higher accuracy. tRNAs bind to the ribosome's

decoding center as a ternary complex of an elongation factor (EF‐Tu

in bacteria or EF‐1A in eukaryotes), GTP, and aa‐tRNA. Complexes

with near‐cognate tRNAs (those making one mismatch with the

codon) are discriminated against during initial selection then again

after an irreversible GTP hydrolysis step (Thompson, 1988). More

recently, ternary complex discrimination has been broken down into

many well‐defined kinetic steps (Rodnina, Fischer, Maracci, & Stark,

2017). The most important for accuracy are activation of the EF‐Tu/

EF‐1A GTPase and accommodation of the aminoacyl end of the tRNA

into the ribosome's peptidyl transferase center both of which are sig-

nificantly faster for cognate rather than near‐cognate ternary com-

plexes (Rodnina & Wintermeyer, 2001; Wohlgemuth, Pohl, &

Rodnina, 2010). The details of the discrimination process, however,

remain controversial (Pavlov, Liljas, & Ehrenberg, 2017). Discrimina-

tion involves an induced fit of the cognate codon–anticodon complex

in the ribosomal A site that stimulates a large‐scale rearrangement of
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the ribosome, which effectively traps the cognate ternary complex on

the ribosome (Fischer et al., 2016; Loveland, Demo, Grigorieff, &

Korostelev, 2017; Ogle, Murphy, Tarry, & Ramakrishnan, 2002). The

details of how some near‐cognate tRNAs can effectively compete

for acceptance by undermining this selective scheme are now the

area of greatest interest in this field and will be a major subject of

this review.

Data on the kinetics of aa‐tRNA selection come from Escherichia

coli, but the process of translation elongation in prokaryotes and

eukaryotes is extremely similar. There is every expectation that the

kinetic mechanisms in Saccharomyces cerevisiae are also extremely

similar. The frequency of misreading errors has been mainly studied

in E. coli, but recent work in yeast has closed the gap in understanding

and demonstrated that again prokaryotes and eukaryotes are very

similar (Blanchet et al., 2018; Blanchet, Cornu, Argentini, & Namy,

2014; Joshi, Trivedi, & Farabaugh, 2018; Kramer, Vallabhaneni, Mayer,

& Farabaugh, 2010). Neither of these observations are surprising; the

most important structures and processes of translation appear to have

been established at the time of the last universal common ancestor.

Some processes have diverged with the eukaryotic version becoming

more elaborate (translation initiation, peptide termination), but

elongation has not changed significantly. We will therefore include

discussion of bacterial data where appropriate in this review.
FIGURE 1 Only a subset of all possible misreading errors have been
identified in vivo. The pattern of misreading by individual tRNAs is
shown with reference to the set of tRNAs expressed in Escherichia coli,
where much of this work has been done. Each codon is represented by
a small circle; filled circles connected by lines are all recognized by a
single tRNA, with the anticodon wobble nucleotide of each tRNA
identified immediately to the right using the standard convention
(Limbach, Crain, & McCloskey, 1994). Arrows connect the misreading
tRNA and the codon(s) misread. The thickness of the arrow indicates
relative frequency of the events (thick >10–4 per codon; thin <10–4
per codon). The arrows are labeled to indicate the position of the
mismatch and color coded for the nature of the mismatched base pair,
as shown [Colour figure can be viewed at wileyonlinelibrary.com]
2 | A SUBSET OF MISREADING ERRORS ARE
HIGHLY EFFICIENT

Early studies of misreading frequencies in E. coli produced data show-

ing a variety of misreading frequencies, as high as 5 × 10−2 per codon

to as low as 5 × 10−5 per codon (reviewed in Parker, 1989). The vari-

ation in methodologies and the lack of a comprehensive approach

made it difficult to evaluate what this variation indicated about error

mechanisms. Despite the variation, Parker (1989) proposed an “aver-

age” error frequency of 5 × 10−4 per codon, which was seized upon

by the field. Using a Poisson distribution assuming this level of error

per codon, he suggested that for an average protein of 300 amino

acids, about 14% of the proteins produced would include at least

one error. In deriving an overall average, he assumed that the errors

that had been quantified were representative of errors across the

code. But, was this conclusion warranted?

This issue remained unexplored for about two decades, but in

recent years, interest has been rekindled. This resurgence derives,

we suspect, from increased concern for accurately proteins for bio-

technology purposes. Protein overproduction can induce a disturb-

ingly high frequency of errors in bacteria (Brinkmann, Mattes, &

Buckel, 1989; Calderone, Stevens, & Oas, 1996; Seetharam et al.,

1988). Similar overexpression experiments in CHO cells produced far

less frequent errors (Wen et al., 2009; Yu et al., 2009), probably

because the proteins were not as highly overproduced. The ubiquity

of mistakes during protein expression for biotechnological purposes

identify misreading as a problem that needs to be addressed if the

quality of these proteins is to be optimized.

Mitigating such errors requires a better understanding of their

causes. Available data on misreading reveal that errors are skewed
toward events involving a few specific base mismatches (Blanchet

et al., 2014; Joshi et al., 2018; Manickam, Nag, Abbasi, Patel, &

Farabaugh, 2014; Z. Zhang, Shah, & Bondarenko, 2013). The most effi-

cient misreading events involve one of three base mismatches: G•U,

U•U, and C•U (bases shown in codon•anticodon order; Figure 1). Fre-

quent errors have been observed for all tRNAs with a middle position

U35 in the anticodon mismatching with a middle position G2 in the

codon (G2•U35 mismatches) in E. coli (Manickam et al., 2014) and in

S. cerevisiae (Joshi et al., 2018). G2•U35 mismatch errors were inde-

pendently observed by mass spectrometry in E. coli and mouse CHO

cells (Z. Zhang et al., 2013). Errors have also been identified involving

G1•U35 mismatches by tRNAs that read cognate codons beginning

with A misreading codons beginning in G. In fact, nine of the 11 pos-

sible G•U errors have been observed suggesting that the ability to

form this mismatch strongly predisposes a tRNA to misread.

Many cases have been identified of errors involving pyrimidine–

pyrimidine mismatches. Wobble U3•U34 was identified in all cases

tested, and wobble C3•U34 mismatches in several (Kramer &

Farabaugh, 2007; Manickam et al., 2014; Z. Zhang et al., 2013). Two

U1•U36 mismatches were also observed, but none involving C1•U36

mismatches (Kramer & Farabaugh, 2007; Manickam et al., 2014). A

single U2•U35 mismatch was observed only under error‐inducing con-

ditions (Kramer & Farabaugh, 2007), but no C2•U35 mismatches.

http://wileyonlinelibrary.com
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These data show that a C•U mismatch is only tolerated at the wobble

position and a U•U mismatch mostly at the first and wobble positions.

Importantly, almost all other mismatches induce errors with only

very low efficiency, no more than about 2 × 10−6 per codon, whereas

errors involving the three mismatches described above are much

more frequent, up to 3.6 × 10−3 per codon in bacteria (Kramer &

Farabaugh, 2007; Manickam et al., 2014) and 7 × 10−4 per codon

in yeast (Joshi et al., 2018; Kramer et al., 2010). The 100 to 1,000‐

fold difference in apparent error frequency may underestimate the

range of errors because the low activity recorded for most codons

results from apparent enzyme activities near the background of the

assay. In vitro analysis of misreading errors by tRNA
Glu

UUC
suggest

the frequency on some codons may be as low as 2 × 10−8 per codon

(J. Zhang, Ieong, Mellenius, & Ehrenberg, 2016). These data suggest

that there is a difference in kind between the codon–anticodon inter-

action of a tRNA susceptible to high levels of error and those that

are highly accurate. It is arguably more generally relevant that the

frequency of errors at most codons is so low. The mechanism of

error correction apparently is remarkably effective—far more effec-

tive than could be justified by any imaginable selective pressure. It

would appear, therefore, that the need to suppress certain errors

was great enough to enforce a system that restricted these errors

as much as possible, and as a result, the system nearly quantitatively

eliminates all other errors. The categorical nature of most error elim-

ination is arguably unexpected and should fundamentally alter our

perception of error correction during translation.
FIGURE 2 G2•U35 and U2•G35 mismatches mimic canonical G2•C35

nucleotide pair. Predicted pairing of two mismatches and a canonical
pair are shown. The black dotted lines indicate hydrogen bonds
predicted by the authors of the papers describing each pair
(Demeshkina et al., 2012; Rozov et al., 2018). Green dotted lines
indicate hydrogen bonding that would require tautomeric shifts in one
of the bases to accomplish. The images were created using the
published data in the Protein Databank: 4V8E (G2U35), 6GSK
(U2•G35), and 6GSJ (C3•G35). Images were created using VMD
(Humphrey, Dalke, & Schulten, 1996) [Colour figure can be viewed at
wileyonlinelibrary.com]
3 | THE MOST FREQUENT ERRORS ARE
CAUSED BY MOLECULAR MIMICRY

The last few years have seen a large increase in our understanding of

the process of aa‐tRNA recruitment and of the origins of misreading

errors. Some of the original work on these topics proposed that cog-

nate but not near‐cognate ternary complex can efficiently bind the A

site and induce a large‐scale rearrangement of the ribosome called

domain closure that both prevents dissociation of the ternary complex

and activates the EF‐Tu GTPase (reviewed in Rodnina et al., 2017).

This large‐scale rearrangement involves induced fit in which confor-

mational changes in constituents of the A site, principally rRNA nucle-

otides G530, A1492, and A1493, allow them to contact all three base

pairs of the codon–anticodon complex (Ogle et al., 2002). The near‐

cognate complexes tested were not able to induce these changes,

suggesting that this inability explained the preference for cognate

complexes. The details of this process have been further clarified first

by X‐ray crystallography of several cognate and near‐cognate ternary

complexes in the bacterial 70S ribosomal (Demeshkina, Jenner,

Westhof, Yusupov, & Yusupova, 2012; Demeshkina, Jenner, Westhof,

Yusupov, & Yusupova, 2013). This work confirmed the roles of the

three rRNA nucleotides but showed that some near‐cognates both

induce domain closure and formed interactions with the rRNA nucleo-

tides indistinguishable from those with cognates. These interactions

require the mismatched nucleotides to adopt Watson–Crick (WC)

geometry. A recent study using ensemble cryo‐electron microcopy

identified three distinct steps in the process of forming this A site
complex again by both cognate and near‐cognate ternary complexes

(Loveland et al., 2017). The three steps involve the ternary complex

increasingly entering deeper into the A site and the three rRNA nucle-

otides increasingly adopting the final structure interacting with the

codon–anticodon complex.

Only G•U (Demeshkina et al., 2012; Rozov, Westhof, Yusupov, &

Yusupova, 2016), U•G (Rozov et al., 2018), and U•U mismatched

nucleotides (Rozov, Demeshkina, Westhof, Yusupov, & Yusupova,

2015) were found to adopt WC geometry; C•U pairs have not been

yet analyzed. A•A and A•C pairs formed non‐WC pairs of similar

geometry (Rozov et al., 2015). As illustrated in Figure 2, although the

http://wileyonlinelibrary.com
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G•U, U•G, and U•U engaged the three rRNA nucleotides, the A•A

and A•C pairs did not, indicating that the requirement for WC geom-

etry is extremely strict. This, in turn, suggests that the restriction of

misreading to G•U, U•G, and U•U (and presumably C•U) mismatches

reflects their ability to engage with the A site and induce domain

closure. The only mismatches that deviate from this model were iden-

tified by mass spectrometry in cases of nonsense suppression

(Blanchet et al., 2014). These were all wobble position mismatches:

A3•G36, G3•G36, and C3•A36. Structures with these mismatches are

not available, but they are predicted to adopt non‐WC geometry.

The fact that errors requiring them are relatively efficient suggests

that discrimination against alternate geometries is not as strict at the

less monitored wobble position.

Whereas errors involving G•U mismatches are found in all cases

tested, only one instance of a U•G wobble error has been reported

(Z. Zhang et al., 2013), and the U•U and U•C mismatches are either

mainly (or entirely, for U•C) restricted to the wobble position. The

restriction of U•U and U•C errors may reflect the fact that the

spacing between the two bases does not allow hydrogen bonds to

form (Rozov et al., 2016). The lack of U•G errors must reflect a subtler

structural effect or increased competition by the competing cognate

tRNAs in the case of unobserved errors of this type.
4 | FUNDAMENTAL DIFFERENCES BETWEEN
ERROR CORRECTION IN BACTERIA AND YEAST

Of particular relevance to this review is the fact that error correction

in the S. cerevisiae, and perhaps all eukaryotes, is fundamentally unlike

error correction in E. coli and perhaps all bacteria. There are several

ways in which the bacterial and eukaryotic systems appear to differ.

First, errors are significantly more frequent overall in E. coli than in

S. cerevisiae. Direct comparisons of error frequencies for tRNA
Lys

UUU

(Kramer et al., 2010; Kramer & Farabaugh, 2007) and tRNA
Glu

UUC

(Joshi et al., 2018; Manickam, Joshi, Bhatt, & Farabaugh, 2016) show

that errors in E. coli average about threefold to fivefold greater than

in S. cerevisiae. Because the frequency of errors is sensitive to the

abundance of the cognate tRNA that competes for the misread codon,

this difference could reflect a difference in the abundances of these

competing cognate tRNAs or, for misreading of nonsense codons, dif-

ferences in the availability of peptide release factors. There are

approximately 7.5 tRNAs per E. coli ribosome (reviewed by Mackie,
TABLE 1 Near‐cognate to cognate tRNA ratios in Escherichia coli and Sa

Codon misread Near‐cognate tRNA Cognate tR

AGG
tRNA

Lys

UUU
tRNA

Arg

CCU
AAY

tRNA
Asn

GGA
tRNA

Glu

UUC
tRNA

Gly

UCC
GGY

tRNA
Asp
2013) and about 25 per S. cerevisiae ribosome (reviewed by Warner,

1999). This difference could explain the greater accuracy in yeast

because the greater stoichiometry of tRNAs to ribosomes might result

in more frequent recruitment of cognate tRNAs. However, the

frequency of errors is more likely to reflect relative differences in con-

centration between a particular cognate and near‐cognate tRNA. A

comparison based on available data for tRNA abundance (Dong,

Nilsson, & Kurland, 1996; Percudani, Pavesi, & Ottonello, 1997) shows

that the ratio of near‐cognate and competing cognate tRNAs involved

in middle position errors at AGG or GGA is greater in S. cerevisiae than

in E. coli (Table 1). The greater ratios in S. cerevisiae would predict

more effective competition by the near‐cognate and therefore more

frequent errors contrary to observation, the opposite of observed

differences.

The second overall difference is that wobble misreading errors

are much less frequent in S. cerevisiae than in E. coli, especially in

the presence of error‐inducing aminoglycoside antibiotics (Kramer

& Farabaugh, 2007; Manickam et al., 2016). The difference between

E. coli and S. cerevisiae is about 10‐fold. Treatment with the antibi-

otic paromomycin increases wobble errors eightfold in E. coli but less

than twofold in S. cerevisiae, increasing the difference to 40‐fold.

There is some support for tRNA competition causing this difference.

In both species, the dosage of paromomycin was adjusted to be

about twofold less than the amount leading to substantial decrease

in growth, so we assume that the amount of paromomycin intracel-

lular in each case is comparable. However, it is possible that at least

some of the difference may reflect a difference in internal

paromomycin concentration. The ratios of the relevant near‐cognate

and cognate tRNAs in S. cerevisiae are smaller than in E. coli

(Table 1). This difference is consistent with fewer wobble position

errors in S. cerevisiae as observed. The differences in ratios are,

however, only about twofold in each case, and it is unclear if that

is sufficient to explain the large observed differences in misreading

frequency.

Another possible explanation of these differences is tRNA

modification. Both tRNA
Lys

UUU
and tRNA

Glu

UUC
are modified at U34,

the wobble position of the anticodon, but in E. coli, the modification

is to 5‐methylaminomethyl‐2‐thiouridine (mnm5s2U), whereas in

S. cerevisiae, it is 5‐methoxylcarbonylmethyl‐2‐thiouridine (mcm5s2U).

Wobble xm5 modifications were thought to restrict wobble errors

generally (Yokoyama et al., 1985), which suggested a hypothesis

where mcm5 might restrict more efficiently than mnm5 explaining

the lower wobble errors in S. cerevisiae. However, their effect on
ccharomyces cerevisiae

NA

Ratio (near‐cognate/cognate)

Escherichia coli Saccharomyces cerevisiae

4.6 7.0

1.7 0.7

2.3 4.7

2.0 0.9



FIGURE 3 Split codon boxes are limited to weak codons with A or U
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misreading is more complicated. In bacteria, the presence of mnm5

modification strongly decreases wobble errors by tRNA
Glu

UUC
but

equally strongly increases errors by tRNA
Lys

UUU
(Manickam et al.,

2016), whereas the presence of mcm5 in S. cerevisiae tends to change

accuracy by a smaller ratio and generally increases misreading (Joshi

et al., 2018). Importantly, with equivalently modified tRNAs carrying

the same s2U34 wobble modification, the error frequency in

S. cerevisiae is still much less than in E. coli, suggesting that the differ-

ence is not a result of wobble modification. It remains to be seen if

modification at some other position might explain the difference, but

there are few other differences in modification of the E. coli and

S. cerevisiae tRNAs and none with an obvious role in decoding.

The remaining explanation is that some fundamental difference

between the E. coli and S. cerevisiae translation system causes the

difference in error frequency. This could be a change in an rRNA or

ribosomal protein, either primary sequence or modification, or a

difference between EF‐Tu and its cognate eEF‐1A. It is attractive to

suppose that eukaryotes generally and humans in particular show a

similar suppression of wobble misreading, making S. cerevisiae a better

model than E. coli for accuracy in humans. The availability of highly

quantitative and reproducible reporter systems will be an important

tool in the genetic dissection of the source of suppression of wobble

misreading in S. cerevisiae.
at the first two codon positions. The Saccharomyces cerevisiae
cytoplasmic tRNA complement is shown as in Figure 1 with the
identity of nucleotide 37 in each tRNA shown. Columns and rows of
the standard genetic code are highlighted in blue to indicate the
presence of A or U in the first or second codon positions; where both
positions are A/U the highlight is doubled. Note the coincidence of
presence of A/U in these positions, the frequent use of
hypermodification and the presence of split codon boxes involving
more than one amino acid specified in a four‐codon box. The structure
of the three main nucleotide 37 modifications—hypermodified i6A and
t6A and non‐hypermodified m1G—are shown below the codon table
(generated using VMD from data files found at the Modomics web
site; Boccaletto et al., 2018) [Colour figure can be viewed at
wileyonlinelibrary.com]
5 | ARE THERE INVISIBLE NEAR‐COGNATE
“ERRORS” ELSEWHERE IN THE GENETIC CODE?

Analysis of the effect of modifications on misreading shows multiple

examples where they increase misreading by stabilizing intrinsically

unstable codon–anticodon complexes. Modifications to position 37,

immediately adjacent to the first codon–anticodon base pair, stack

on the codon–anticodon complex to stabilize it. tRNAs that recognize

codons beginning in U (the top row of the conventional genetic code)

and those recognizing codons beginning in A (the third row) are

hypermodified at 37 (Figure 3). Most first row yeast tRNAs carry N6‐

isopentenyladenosine (i6A; Nishimura, 1972), and third row tRNAs

carry N6‐threonylcarbamoyladenosine (t6A; El Yacoubi et al., 2009;

Srinivasan et al., 2011); bacterial tRNAs carry similar or identical mod-

ifications. Hyper modification of 37 is thought to stabilize the weak

A•U or U•A pair to allow the tRNA to interact with the codon in

the A site (Stuart, Koshlap, Guenther, & Agris, 2003), and the effect

of these modifications is to increase misreading (Joshi et al., 2018;

Lamichhane et al., 2013; Manickam et al., 2016). Other tRNAs with

G•C or C•G base pairs at the first codon position have much smaller

modifications of nucleotide 37 (m1G or m2A) or none at all, implying

that the stability of the codon•anticodon complex is sufficient without

the stabilizing effect of nucleotide 37 modifications. This implies that

misreading by these tRNAs would be naturally high. Most tRNAs can-

not form the G•U pairs that mimic WC pairs and those that cannot do

not generate significant misreading (Z. Zhang et al., 2013). However, in

every four‐member codon box, there is the possibility for misreading

by U3•U34 or C3•U34 mismatches. Is it possible that significant

near‐cognate decoding might occur by this mechanism across the

genetic code?
In bacteria, the wobble U of tRNAs decoding fourfold degenerate

codon boxes are commonly modified to uridine 5‐oxyacetic acid

(cmo5U). The function of this modification is to allow the tRNA to rec-

ognize as many as all four codons (Nasvall, Chen, & Bjork, 2004). The

modification promotes broadened misreading by increasing tautomer

formation to allow pairing with all four nucleotides (Weixlbaumer

et al., 2007) and has been referred to as “almost‐correct” (Kothe &

Rodnina, 2007), reminiscent of the notion of WC mimicry proposed

based on the recent X‐ray crystallographic results. The predicted sta-

bility of mismatched codon–anticodon pairs across much of the

genetic code suggests that near‐cognate decoding might be quite

common even in the absence of this modification in yeast. At the same

time, most of the “stronger” tRNAs decode in four‐member synony-

mous boxes so that near‐cognate decoding of that sort would not

cause a translational error. These “errors” being as common as we sus-

pect could have constrained the evolution of the genetic code to limit

split codon boxes to those recognized by tRNAs making the weakest

codon–anticodon pair: the UUN box (Phe/Leu), the AUN box (Ile/

Met), and boxes with a middle position A including UAN (Tyr/Stop),

http://wileyonlinelibrary.com
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CAN (His/Gln), AAN (Asn/Lys), and GAN (Asp/Glu). Ironically, that

would suggest that these boxes where near‐cognate decoding gener-

ates observable translational errors may in fact be the least prone to

near‐cognate decoding because of the instability of the near‐cognate

codon–anticodon complex.
6 | TO WHAT EXTENT IS THE PROTEOME
REALLY STATISTICAL?

Early work on translational errors debunked the idea put forward by

Pauling (1957) that the proteome might be significantly statistical with

errors on the percent level across all proteins. However, the proteome

was thought to be statistical at the level of several in 10,000 amino acids

incorporated across the proteome. This effect would not be minor, as

pointed out by Parker (1989), because even at the seemingly low aver-

agemisreading frequency of 5 × 10−4, a largeminority of proteinswould

include at least one misincorporated amino acid. If the average were

indeed correct and extended across the entire proteome, then this con-

clusion would be inevitable. However, a consideration of the distribu-

tion of errors shows that the average is misleading because most

errors occur much less frequently (Joshi et al., 2018; Manickam et al.,

2014; Z. Zhang et al., 2013; J. Zhang et al., 2016). The relatively high fre-

quency of errors at a subset of codons suggests that the proteome has

some statistical features; that is, because of misacylation and misread-

ing the frequency of miscoding of proteins is large enough that a sub-

stantial fraction of the proteome diverges in sequence and therefore,

possibly, in structure. Given that misreading has increasingly been

shown to have a positive effect on the cell (for a review, see Ribas de

Pouplana, Santos, Zhu, Farabaugh, & Javid, 2014), the susceptibility to

misreading might provide a range of variability in enzyme function that

might be useful to the cell. At an extreme, it is attractive to speculate

that, as with programmed frameshifting and termination readthrough

(Farabaugh, Qian, & Stahl, 2000; Namy, Rousset, Napthine, & Brierley,

2004), there might be instances in particular proteins where the fre-

quency of misreading errors increases in response to sequence context

to create a programmed misreading site. Alternatively, there may be

physiological effects that exacerbate certain errors to increase amino

acid substitutions across the proteome. The advantage of programmed

events of this type could be, for example, the production of enzymes

with alternative active site amino acids that produce enzymes with sig-

nificantly different catalytic activity including variant substrate specific-

ity or kinetic properties. These alternative properties could be exploited

by the cell or engineered by researchers.We do not know enough about

physiological or context effects on misreading to identify such events.

The most likely way to identify such systems would be fromwhole pro-

teome scale mass spectrometry. No candidate has yet been reported.
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